266 Bh and its daughter nucleus 262 Db produced by the 248 Cm( 23 Na, 5n) reaction were studied by using a gas-filled recoil separator coupled with a position-sensitive semiconductor detector. 
Introduction
The identification of the heaviest nuclides is very difficult because of their extremely small production cross sections. Very heavy nuclides usually form an α-decay chain, and they can be conclusively assigned based on a genetic link to known nuclide(s). A nuclide, 266 Bh, is the great-granddaughter of 278 113 that is produced in the 209 Bi + 70 Zn reaction. 1, 2) Thus far, only five atoms have been assigned to 266 Bh by direct production. 3, 4) Most of the heaviest oddodd nuclei exhibit rather complicated decay properties. Their main decay modes are α-decay, electron-capture (EC) and spontaneous fission (SF). In many cases, these modes coexist in one nucleus. Furthermore, α-decay energies widely distribute because many low-lying states exist in their daughter nuclei. Therefore, it is difficult to obtain a clear assignment of heavy odd-odd nuclides such as 266 Bh. Wilk et al. 3) reported the production of 266 Bh in the 249 Bk + 22 Ne reaction by the use of a helium gas-jet technique. They observed one decay chain assigned to one originating from 266 Bh ( 266 Bh −→ 262 Db −→ 258 Lr −→). Qin et al. 4) studied the decay properties of 266 Bh produced in the 243 Am + 26 Mg reaction by the use of the gas-jet technique. They observed four α-decay chains originating from 266 Bh. In the present work, we performed an experiment with the aim of obtaining an unambiguous assignment of 266 Bh by a genetic link. For this purpose, we used a gas-filled recoil ion separator (GARIS) coupled to a position-sensitive focal plane detector (PSD). Using a rotating target of 248 Cm, 266 Bh was produced for the first time in the 248 Cm + 23 Na reaction. The main purpose of this work is to provide further confirmation of the production and identification of the isotope 278 113.
Experimental Procedure
The experiment was performed at the RIKEN Linear Accelerator (RILAC) Facility. A schematic view of the experimental setup is shown in Fig. 1 .
A 248 Cm 2 O 3 target having a thickness of 350 µg/cm 2 was prepared by electrodeposition onto a titanium backing foil having a thickness of 0.91 mg/cm 2 . Six pieces of the target were mounted on a rotating wheel having a diameter of 10 cm. During irradiation, the wheel was rotated at 1000 rpm. Although a maximum of eight pieces of the target could be mounted on the wheel, we used only six pieces because of a lack of the curium material.
A 23 Na beam was extracted from RILAC. Beam energies of 126, 130 and 132 MeV were used. The corresponding beam energies at the middle of the target were 121, 124 and 126 MeV respectively. The 23 Na beam was pulsed with micro-and macro-pulse structures. The micropulse structure was used to prevent the irradiation of the target frame and the two vacant target positions of the wheel. The micro-pulse structure was synchronized to the rotation of the wheel. In the macro-pulse structure, the beam was ON for 3 s and then OFF for 3 s independently of the micro-pulse structure. A logical AND signal of the micro-and macropulse structures was sent to the beam pulsing system of the accelerator. All the measurements were performed only in the beam OFF period. The counting duty in the macro beam OFF period was 100%, while that in the macro beam ON period was 45%. The beam duty factor was 27.5%. The typical beam intensity was 1 particle-µA on average, and it was 4.4 particle-µA in the micro beam ON period.
GARIS was used to collect evaporation residues (ERs) and separate them from the beam ERs were transported to the focal plane of GARIS where the PSD was set. The arrangement of the focal plane detector is shown in Fig. 1 . The effective area of the PSD is 60 mm × 60 mm. It comprises sixteen strip detectors having a width of 3.75 mm each, and each strip detector has position sensitivity. At a backward of the PSD, semiconductor detectors (SSDs) having the same effective area as the PSD were set in a box shape to detect particles emitted in backward angle from the ERs and their decay daughters.
Because the mass of the projectile is much smaller than that of target for the reaction studied in the present work (asymmetric reaction), the kinetic energy of the ERs is as low as 10 MeV at the focal plane. Consequently, the depth of the implantation into the detector is approximately 1.5 µm. Therefore, if an α-particle is emitted at a backward angle, the energy deposition to the PSD is very small, i.e., a few hundred keV depending on the angle of emission. The position resolving power of the PSD is proportional to the energy deposited in it when the total energy of the α-particle is measured by the sum of PSD and SSD (PSD + SSD event); therefore, in this case, the position resolution becomes poor. A position window should be selected carefully when searching for a correlation event.
The total counting rate of the focal plane detector was approximately 3 × 10 4 /s in the beam ON period, while that was 5-10/s in the beam OFF period. Because of the high implantation rate to the PSD in the beam ON period, the PSD was gradually damaged during the measurement. Therefore, the energy resolution of the PSD gradually worsened with time. We replaced the PSD three times during the long experimental period of one and a half months to remove this problem. Energy calibration of the focal plane detectors was performed using long-lived transfer products implanted in the PSD simultaneously with the ERs of interest.
The alpha lines used in the calibration were 6.258 MeV ( 248 Cf), 7.039 MeV ( 252 Fm) and 7.192 MeV ( 254 Fm). The energy resolution was measured simultaneously. Occasionally, we also used an 241 Am source to check the energy calibration and resolution. An example of a singles spectrum is shown in Fig. 2 . The spectrum was obtained from one strip in one run (run161) with a beam dose of 3.1 × 10 17 . The measurement time was 16.4 h. In the energy region below 8
MeV, α lines from long-lived transfer products are observed, while in the region from 8 to 12
MeV, only one event that was assigned to an α decay of 266 Bh was detected.
We performed offline analyses to search for mother-daughter correlations, i.e. α-α and 3/?? α-SF events, based on the position in PSD, energy, and time difference. Because we only considered data from the beam OFF period, a signal indicating the implantation of ER was not recorded. Therefore, the time difference between the ER implantation and its decay event was not obtained.
The average counting rate of particles having energies greater than 50 MeV for each strip of the PSD was 2.7 × 10 −4 /s. Considering a positional window of 2 mm, which is a typical position resolution for a true coincidence event for a full energy deposited α-particle and SF, ± 1 mm, the counting rate in the positional window is calculated to be 9.3 × 10 −6 /s.
Considering a time window of 300 s, the probability of an accidental correlation is calculated to be 2.8 × 10 −3 per event. This low value of accidental probability was realized by using a combination of GARIS and the PSD. The reduction in the number of transfer products and target recoils at the focal plane that is achieved using the physical pre-separator, GARIS and the high spatial resolving power of the PSD enables a low background α-SF correlation measurements. The α-SF correlation measurement would be difficult to perform using only the gas-jet technique.
Results and Discussion
We have assigned total of 32 correlations to true ones. All the correlated events are listed in Table I . The event ID#, beam energies from the accelerator, strip number of the PSD, decay energies and the energy resolutions (in full width at half maximum, FWHM), position difference (in mm), grouping in correlation map mentioned below and assignments for each event are listed. Four of the events are α 1 -α 2 -α 3 correlations (ID#1-ID#4), one is an α 1 -α 2 -SF (ID#5), nine are α 1 -α 2 (ID#6-ID#14) and eighteen are α 1 -SF correlations (ID#15-ID#32).
The maximum correlation time was set to 300 s. The position window was set to ± 2 mm for the correlation events measured only in the PSD (PSD events). The position window was properly selected for every PSD + SSD event. The superscript 's' in the energy indicated that an event was a PSD + SSD event. A two-dimensional representation of the time-and position-correlated events is shown in Fig. 3 . The horizontal and vertical axes represent the mother and daughter energy, respectively. The lower and upper panels (Figs. 3-a and 3-b) show the α-α and α-SF correlations, respectively.
The excitation energies of the compound nucleus, 271 Bh, at the middle of the target were calculated to be 44.4, 48.1 and 49.9 MeV for beam energies of 126, 130 and 132 MeV, respectively, by using a theoretical mass for 271 Bh. 5) The energies were selected to maximize the 5n evaporation channel in the 248 Cm + 23 Na reaction in order to produce the isotope 266 Bh. Because the ER cross sections of these asymmetric reactions in the heaviest region exhibit a broad peaks around the optimum energies that produce the maximum yields, the isotope 267 Bh, which is a product of the 4n evaporation channel of the reaction, could be produced in considerable ammounts, especially at lower excitation energies. We focused on 4/?? these two isotopes in the analyses. The direct productions of 262 Db and 263 Db, which are the α-decay daughters of 266 Bh and 267 Bh by the α + 5n and α + 4n evaporation channels, respectively, were not considered because of the reaction in the sub-barrier energy region.
α-α correlations
In the correlations shown in Fig. 3 -a, eight points are plotted in Group C (ID#1-ID#4, ID#10-ID#13). The mother energies of these events range from 8.40 to 8.74 MeV, and those of the corresponding daughters range from 8.57 to 8.80 MeV. We assigned these events to the 262 Db −→ 258 Lr −→ decay. The average time differences between mother and daughter decays, i.e. the mean life of the daughter nuclide, was calculated to be 5.8
± 0.010, and 8.654 ± 0.010 MeV. 6) It should be noted that the α energies obtained in this work are approximately 40-60 keV higher than the adopted energies. This is most probably attributable to the summing of α-energy and a conversion electron or γ-ray energy, which is emitted simultaneously with the α-decay in the cases of odd and odd-odd nuclei. 7) In all previous studies to determine the α-decay energies of 262 Db and 258 Lr, atoms of these isotopes were collected on a plate or a film by using, for example, the gas-jet technique, and they were not implanted in the detector used. The sources of α-decay were thus outside the detectors. −7 s and 6.2 ± 0.3 s, respectively. We then assign this correlation to the decay originating from 267 Bh.
α-SF correlations
The three correlated events (ID#15, ID#16 and ID#17) in Group E in Fig. 3-b correspond to the α 1 energies of Group A (9.05-9.23 MeV). The corresponding half-life T 1/2 deduced from the three events is 31 +41 −11 s, which agrees well with that of 262 Db, i.e. 34 ± 4 s. Therefore, we assign these correlated events to SF decays of 262 Db fed by 9.05-9.23 MeV α-decays of 266 Bh.
Eight correlations (ID#18-ID#25) are observed in Group F in Fig. 3 One correlation (ID#30) exists in Group G, as shown in Fig. 3-b, along with the α 1 (-α 2 ) -SF correlation (ID#5) that was assigned to the decay of 267 Bh −→ 263 Db −→ 259 Lr −→ in the present study. The α 1 energy was 8.84 MeV, and the SF decay time was measured to be 176.8 s, which agree well with those of the correlation ID#5. Then, it is natural to assign this correlation to the decay of 267 Bh −→ 263 Db (SF) or 267 Bh −→ 263 Db −→ 259 Lr (SF).
However, we have assigned one correlation having almost the same α 1 energy to the decay of 266 Bh (Group B in Fig. 3-a (ID#8) ), suggesting that the correlation might still be assigned to the decay of 266 Bh.
Three correlations (ID#26, ID#27 and ID#28) exist in Group H in Fig. 3 Two correlations exist in Group I in Fig. 3-b . The α-decay energy of the mother is approximately 8.43 MeV. One of these correlations is the α 2 -SF part of the triple α 1 -α 2 -SF correlation (ID#5). We have assigned this correlation to the decay of 267 Bh −→ 263 Db −→ 259 Lr (SF). The other correlation (ID #30) could also be the decay of 263 Db −→ 259 Lr (SF).
The mean decay time of the two event is 31.6 s. The corresponding half-life is 22 +53 −9 s. We could tentatively assign these correlations to the decay mentioned above although the deduced SF half-life of 259 Lr is slightly longer than the adopted value, 6.2 ± 0.3 s.
Two correlations (ID#31 and ID#32) exist in Group J in Fig. 3-b . The α-decay energy of the mother is approximately 8.09 MeV. The mean value of the decay times is 251 s. Because the maximum correlation time of this analysis is 300 s, we could not determine the decay time of these correlations, and therefore, we could not assign these correlations. Although a decay time analysis was performed in the macro beam OFF period, because of the small counting statistics, we could only state that the half-life is longer than 1 s.
Cross section
We calculated an energy-averaged, inclusive cross section for the 30 correlated events assigned to the decays of 266 Bh and 267 Bh. The counting efficiencies for different correlation types differed from each other. The efficiency is unity for the α-SF (4 events) correlations, 0.7 for the α-α (12 events) and α-α-SF (one event) correlations and 0.5 for the α-α-α (16 events) correlations. The counting duty was 0.725. The total beam dose was 1.9 × 10 19 , and the target thickness was 7.7 × 10 17 /cm 2 . Assuming the transmission efficiency of GARIS to 0.08, we calculated the cross section to be 50 pb.
Conclusion
An isotope of the 107th element, 266 Bh, that is produced by the 248 Cm( 23 Na, 5n) reaction was clearly identified. The identification was based on a genetic link to the known daughter nucleus 262 Db by α-decays. The isotope 267 Bh, which is a reaction product of the 4n evaporation channel, was also produced and identified. A state in 266 Bh, which decays by an α-emission with the energies ranging from 9.05 to 9.23 MeV, feeds a state in 262 Db, which decays by α-emission and by SF with a previously known half-life. The result provided a further confirmation of the production and identification of the isotope of the 113th element, 278 113, studied by a research group at RIKEN, Japan. was set to 300 s.
